The branching order of the kingdoms Animalia, Plantae, and Fungi has been a controversial issue. Using the transformed distance method and the maximum parsimony method, we investigated this problem by comparing the sequences of several kinds of macromolecules in organisms spanning all three kingdoms. The analysis was based on the large-subunit and small-subunit ribosomal RNAs, 10 isoacceptor transfer RNA families, and six highly conserved proteins. All three sets of sequences support the same phylogenetic tree: plants and animals are sibling kingdoms that have diverged more recently than the fungi. The ribosomal RNA and protein data sets are large enough so that in both cases the inferred phylogeny is statistically significant. The present report appears to be the first to provide statistically conclusive molecular evidence for the phylogeny of the three kingdoms. The determination of this phylogeny will help us to understand the evolution of various molecular, cellular, and developmental characters shared by any two of the three kingdoms. Noting that the large-subunit rRNA sequences have evolved at similar rates in the three kingdoms, we estimated the ratio of the time since the animal-plant split to the time since the fungal divergence to be 0.90.
Introduction
Although the fungi have long been classified as a separate kingdom, their evolutionary position relative to the kingdoms Animalia and Plantae remains uncertain. Traditionally, fungi are considered to be more closely related to plants than to animals, but this view is not supported by solid evidence. Indeed, the fossil record of such an ancient divergence is nonexistent. Also, morphological characters cannot be employed to study this question because they are often of little use for comparisons at the interphylum level, and are even less useful at the interkingdom level. With the determination of the primary structure of homologous macromolecules in numerous organisms spanning several kingdoms, molecular phylogeny techniques, which have proved to be useful for resolving phylogenetical questions at the interphylum level or beyond (Baroin et al. 1988; Field et al. 1988) , may provide a resolution of this longstanding issue.
The problem to be solved is to identify which of the three possible trees shown in figure 1 represents the true interkingdom divergence. All three trees have been proposed. The classical view favors tree C. Cavalier-Smith (1987a and references therein) has proposed tree B, on the basis of cellular characters-such as the absence 1. Key words: molecular phylogeny, branching dates, ribosomal RNAs, transfer RNAs, protein sequences. Abbreviations: SSU = small subunit; LSU = large subunit; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; SOD = superoxide dismutase; TPI = triosephosphate isomerase. of chloroplasts-shared by animals and fungi. Phylogenetic analyses of cytochrome c amino acid sequences supported either tree A (Fitch 1976) or tree B (Dayhoff et al. 1975) . Several recent analyses of small-subunit ribosomal (SSU) RNA sequences have pointed to tree A (Gunderson et al. 1987; Vossbrinck et al. 1987) , tree B (Hunt et al. 1985) ) or tree C (Nairn and Ferl 1988) ) though without focusing on the evolutionary position of fungi.
Our analysis was made by comparing the sequence of as many suitable (i.e., well conserved through evolution) macromolecules as possible in one or more species from each of the three kingdoms. To determine their branching order without assuming rate constancy, an outgroup is necessary. Many eukaryotic protists, which are thought
Data and Methods
Macromolecules were chosen according to two criteria. First, each molecule has to be sequenced in at least one species in each of the three kingdoms and in an outgroup species. Second, these molecules have to be sufficiently conserved in primary structure across the evolutionary spans considered here so that extant sequences can be reliably aligned. The following molecules satisfy these criteria: the SSU and large-subunit (LSU) ribosomal RNAs (in agreement with its evolutionary origin and ribosomal location, 5.8s rRNA has been considered here to be the S-end of LSU rRNA and therefore is included in the analysis; 5s rRNA was tested but not retained in the sample because of its short length and high divergence when interkingdom comparisons are made); 10 isoacceptor tRNA molecules; six proteins [ cytochrome c, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), triosephosphate isomerase (TPI ), Cu/Zn superoxide dismutase (SOD), ATPase alpha-subunit, and 70-kD heat-shock protein (hsp70)]. The taxa from which sequences were used differ for each molecule; they are listed in tables l-3. Most nucleotide and protein sequences were extracted from the nucleic acid and protein sequence data bases: GenBank (release 57), EMBL (release 14), and NBRF-PIR (release 16). The tRNA and rRNA samples were also supplemented by recent compilations (Sprinzl et al. 1987 for tRNAs; Dams et al. 1988 for SSU rRNAs; Erdmann and Wolters 1986 for 5.8s rRNAs; and Gutell and Fox 1988 for LSU rRNAs) . Zamia pumila and Pneumocystis carinii SSU rRNA sequences are from Edman et al. (1988) and Naim and Ferl(l988) . The corrected rabbit SSU rRNA sequence (Rairkar ' Eubacteria: two complete IO-tRNA sets from Escherichia coli and Bacillus subtilis, respectively. Archaebacteria: (Brinkmann et al. 1987) , Saccharomyces cerevisiae, Zygosaccharomyces roux& Escherichia coli, Bacillus stearothermophilus, Thermus aquaticus, and Zymomonas mobilis (Conway et al. 1987) ; TPI from Homo sapiens, Oryctolagus cuniculus, G. gallus, Latimeria chalumnae, Z. mays. S. cerevisiae, Schizosaccharomyces pombe, Aspergillus nidulans, E. coli, and B. stearothermophilus: SOD from H. sapiens, R. norvegicus, Bos taurus, Sus scrosa, Equus caballus, Xiphias gladius (swordfish), D. melanogaster, Spinacia oleracea, Z. mays (Cannon et al. 1987) , Brassica oleracea (Steffens et al. 1986 Protein sequences were aligned by eye with the help of the multiple alignment editing program of the UWGCG package (Devereux et al. 1984 ) and of alignments published in the source articles for the sequences. tRNAs and SSU rRNAs were aligned as published (Sprinzl et al. 1987; Dams et al. 1988) . LSU rRNAs were aligned so that they fit the consensus secondary-structure folding model (Leffers et al. 1987) . Only those regions of rRNAs that have been well conserved and can be unambiguously aligned have been considered. Phylogenetic trees were built using two methods. The first is the transformed distance (TD) method (Farris 1977; Klotz et al. 1979; Li 198 l) , which uses one or more outgroups as references to correct unequal rates of evolution among the ingroup taxa. The second is the maximum parsimony method, using Felsenstein's PHYLIP package (Felsenstein 198 1) . For both methods, all sites involving an insertion-deletion event in any sequence were discarded. After multiple alignment and delimitation of the regions conserved enough to be retained, the number of different sites between each pair of sequences was computed. Interkingdom distances were then computed by averaging the number of differences between individual species. These distances were treated by the TD algorithm to obtain one of three possible trees ( fig. 1) . When using the TD method, distances were not corrected for multiple hits, because such correction has been shown not to improve the probability of finding the true phylogenetic tree (Li et al. 1987; Saitou and Nei 1987; Sourdis and Nei 1988) .
After the tree-building procedure, branch lengths were calculated by the leastsquares method from pairwise evolutionary distances corrected for multiple hits according to either Kimura's two-parameter model for nucleotide sequences or the Poisson model for protein sequences (see, e.g., Nei 1987, pp. 41, 67) . This procedure allows us to compute the SE of the estimated internal branch length (Li 1989 ). The internal branch length is considered to be greater than zero at the 5% significance level if it is larger than twice its SE.
Results

SSU and LSU Ribosomal RNA Data
The SSU rRNA has been sequenced in a wide range of eukaryotic organisms (recently compiled in Dams et al. 1988) . The LSU rRNA has been sequenced in comparatively few organisms: only three protist sequences are known, one of them, Dictyostelium, being incomplete at its 3'-end. We retained as outgroups the slime mold Dictyostelium and the flagellate Crithidia, for which both the SSU and LSU rRNA have been completely sequenced (or nearly so for Dictyostelium LSU). Table  1 shows the observed proportions of nucleotide differences, in the rRNA sequences, between the three kingdoms and the two outgroup organisms. In agreement with a previous report (Sogin et al. 1986 ), it appears that the SSU rRNA has evolved faster in the animal lineage than in the other two kingdoms: for this molecule, the distance from the animal group to an outgroup is consistently greater than that between plants or fungi and the same outgroup. Such a phenomenon does not happen with the LSU rRNA. Using the numbers of sites analyzed in SSU and LSU rRNAs as weights, we computed the average sequence differences for the five taxa analyzed (table 1). Figure  2 shows that the evolutionary tree inferred by the TD method from the rRNA data set supports topology A ( fig. 1 ) : animals and plants are grouped together while fungi have diverged earlier. The SE of the estimated length of the branch connecting the animal-plant node to the point of fungi divergence is also shown. The estimated branch length is greater than zero at the 5% significance level.
A parsimony analysis was made on combined SSU and LSU rRNAs of the following organisms: the human and Xenopus rRNAs represent the animal kingdom; the plant kingdom is represented by a monocot (rice) and a composite dicot sequence (soybean for SSU, broad bean for 5.8S, and lemon for LSU); the only available fungal sequence is that of yeast; and Dictyostelium and Crithidia are the outgroups. The most parsimonious tree supports topology A (and also clusters rice with the dicot, and human with Xenopus) and requires 1,540 base changes. In contrast, trees B and C require, respectively, 1,549 and 1,547 changes.
Transfer RNA Data
Looking for homologous tRNAs in the three kingdoms and an outgroup, we found 10 isoacceptor species: Asn-tRNA-GUU, Asp-tRNA-GUC, Arg-tRNA-ACG, Gly-tRNA-GCC, elongator Met-tRNA-CAU, initiator Met-tRNA-CAU, Phe-tRNA-GAA, Pro-tRNA-UGG, Trp-tRNA-CCA, and Tyr-tRNA-GUA, each of the 10 being shown with its anticodon. Isoacceptors from various organisms were considered homologous if they had the same anticodon. For each of the above tRNA families, a sequence is known in two eubacteria (Escherichia coli and Bacillus subtilis) and also in the archaebacterium Halobacterium volcanii. We also considered protist tRNAs, but too few of them were available for this analysis. The 10 tRNA sequences from each taxon were appended end to end to make a single string of sequences. We thus obtained both a mammalian compound sequence made with human, murine, and bovine tRNAs and an angiosperm compound sequence-made out of wheat, soybean, petunia, and bean tRNAs. Table 2 shows the overall divergence of compound tRNA sequences. The resulting evolutionary trees are given in figure 3. When the eubacterial sequences are used as an outgroup, tree A is predicted with a statistical significance level of 8%. The Halobacterium outgroup leads to topology B but with an internal branch length not significantly greater than zero. The parsimony analysis confirms these results. When the two eubacterial sequences are used, tree A is the most parsimonious tree and requires 686 base changes, against 692 and 702 base changes, respectively, for trees B and C. With the archaebacterial outgroup, the most parsimonious tree is B, with 558 changes; tree A requires only one more change, while C requires 565 changes. The tRNA analysis thus disfavors topology C, while not allowing separation of the other two trees.
Protein Sequences
We found six sets of homologous polypeptides to be adequate for the present analysis. Two, GAPDH and TPI, are involved in glycolysis. The nuclei of plant cells harbor genes for two types of GAPDH: (1) the cytosolic, glycolytic isoenzymes and (2) the chloroplastic, photosynthetic isoenzymes (Brinkmann et al. 1987) . The same phenomenon occurs with TPI plant genes (Marchionni and Gilbert 1986) . For both GAPDH and TPI, the two types of plant genes display a sequence divergence corresponding to the prokaryote/eukaryote separation, and therefore the gene for the chloroplastic enzyme is thought to have been transferred, during the course of evolution, from the genome of the endosymbiotic chloroplast into the nuclear genome. From plants, we thus retained only the cytosolic GAPDH and TPI isoenzymes, for the others would be paralogous to the animal enzymes. The Cu/Zn SOD protects aerobic cells against oxygen toxicity. Eukaryotic cells contain a cytoplasmic Cu/Zn SOD and a mitochondrial Mn SOD. Prokaryotes contain usually a Mn SOD or a Fe SOD which is homologous but structurally unrelated to the Cu/Zn isoenzyme (Steffens et al. 1986 ). However, a Cu/Zn SOD has been discovered sporadically in bacteria, and its gene has been sequenced in Photobacterium Zeiognathi (Steinman 1987) , thus giving us an outgroup sequence. The alpha subunit of ATPase is the largest subunit of the ATP-synthesizing enzyme complex in bacteria, mitochondria, and chloroplasts. We found three bacterial sequences for comparison with eukaryotic mitochondrial isoenzymes. Chloroplastic proteins, which have no homologue in animals or fungi, were not included in the analysis. Cytochrome c, encoded in the nucleus, is located in the mitochondria of all aerobic cells, and it functions in oxydative phosphorylation. Cytochrome c has been shown to be closely related to bacterial cytochromes c2 and ~550, which we took as outgroups (Dayhoff 1978 the animal-plant-fungal divergence. Mitochondria have sometimes been suggested to be polyphyletic, but no evidence for this has been found in analyses of mitochondrial SSU rRNAs (Hunt et al. 1985) . The mitochondrial genome is now thought to have originated once from a purple nonsulfur bacterium (Cavalier-Smith 1987b) . Heatshock protein hsp70 is one of a series of proteins whose expression is triggered in response to an increase in temperature of the cell environment. All above polypeptides have bacterial homologues and are present in most, if not all, eukaryotic cells; they evolved from a common ancestor established before the divergence of eukaryotes and eubacteria.
After alignment, these protein sequences were grouped by kingdom, and interkingdom distances were computed. Each of these six proteins has bacteria as the outgroup taxon, thus allowing us to pool them in a composite protein sequence data set (table 3 ) . The phylogenetic tree inferred from these data is shown in figure 4 . Here again, tree A is obtained and the internal branch length is greater than zero at the 5% significance level.
Relative Dates of Divergence of the Three Kingdoms
We noted above that LSU rRNA has evolved at similar rates in the three kingdoms (table 1) . The LSU rRNA data may therefore be used to estimate the ratio of T, (time since the animal-plant divergence) to T2 (time since the fungal divergence): , we obtain TI / T2 = 0.90. The divergence between animals and plants has been estimated from the geological record to be 1 .O-0.7 billion years ago (Gya) (Schopf et al. 1983) . Therefore, T2 is estimated to be. 1.1-0.8 Gya. The upper bound of 7'2 is close to the estimate (1.2 Gya) obtained by both Dickerson (197 1) and Kimura and Ohta (1973) from cytochrome c sequence data.
Discussion
We have computed the molecular distances by which homologous macromolecules differ in the kingdomsAnimalia, Fungi, and Plantae. The presently available corpus of nucleic acid and protein sequence data allowed us to base this phylogenetic analysis on the two largest rRNAs, 10 isoacceptor tRNA families, and six highly conserved polypeptide sequences. When pooled, these three series of data yield, respectively, 2,97 1 sites for rRNAs, 745 sites for tRNAs, and 1,634 sites for proteins, for interkingdom comparisons relative to various outgroup sequences. While the tRNA data set is too small to yield statistically significant results, ribosomal RNA and protein sequences indicate the same phylogenetic relationship for the three kingdoms: plants and animals are sibling kingdoms that diverged from a common ancestor after the fungal lineage became separated ( figs. 2-4) .
A large amount of data has proved necessary to untangle this molecular phylogeny problem. The SSU rRNA alone yields confusing indications, favoring different phylogenies depending on the outgroup used (data not shown). This arises partly from the approximately twofold difference in evolutionary rate between the animal and plant lineages, a difference that greatly reduces the resolving power of phylogenetic reconstruction methods. LSU rRNA evolved at similar rates in all three kingdoms. SSU and LSU rRNAs can be pooled with either Dictyostelium or the flagellate Crithidia as an outgroup. The resulting internodal distance between the branching node for fungi and the node for the plant/animal split is statistically significant (fig. 2) . The tRNA data provide additional support for the same phylogenetic tree when the eubacterial outgroup is used, though the results with the archaebacterial outgroup are not consistent. Also, individual protein sequences do not favor a unique topology (data not shown). This situation is understandable when one considers that the length of the branch between the two bifurcations is short (about one-tenth) relative to the branches leading to the three kingdoms ( fig. 2) .
It is essential that an analysis should involve only orthologous sequence comparisons. Although rRNA genes are present in multiple copies in eukaryotic genomes, these copies are known to evolve in a concerted manner with virtually no differences within the various repeats of one species. When selecting the tRNA sequence sample, we considered all tRNAs with identical anticodons as homologous. It is possible that this procedure does not detect a few paralogous tRNAs, especially when eukaryotic, eubacterial, and archaebacterial sequences are simultaneously compared. Protein sequences, which are often encoded by gene families in higher eukaryotes, have to be checked for possible paralogy. GAPDH is encoded by only one functional gene and several pseudogenes in mammals (Hanauer and Mandel 1984; Allen et al. 1987) . Two GAPDH genes are found in Drosophila, encoding products that differ by eight residues, much less than the -75 amino acid differences between Drosophila and human (Tso et al. 1985 ) . No isoenzymes are known among cytosolic plant GAPDH (Shih et al. 1986 ). Finally, the yeast genome harbors three GAPDH genes whose products differ from each other by < 12% (Holland et al. 1983) . Thus the divergence of nonallelic genes within each taxon is much smaller than interkingdom differences, suggesting that no gene duplication is more ancient than the kingdom splits. The same is true of TPI genes: the gene is unique in fungi Schizosaccharomyces (Russell 1985) and AspergiZZus (M&night et al. 1986 ) and in chicken ( Straus and Gilbert 1985 ) ; there is only one functional gene in mammals ( Maquat et al. 1985 ) ; and at least nine genes or pseudogenes have been detected in the maize genome, but no isoenzymes are known ( Marchionni and Gilbert 1986) . No paralogy is involved in the Cu/Zn SOD comparisons: no isoenzymes are known in animals; a unique gene is present in human (Levanon et al. 1985) ) rat (Delabar et al. 1987) , and Drosophila (Set0 et al. 1987) ; and only one isoform has been detected in cabbage (Steffens et al. 1986 ). Two nuclear genes, however, encode two cytosolic SOD isoenzymes in maize, but only one has been sequenced (Cannon et al. 1987 ). The two mitochondrial polypeptides studied, ATPase alpha subunit and cytochrome c, are unique in all species. We cannot exclude the possibility that some hsp70 sequences analyzed are paralogous, because this polypeptide is encoded by several expressed genes in all three kingdoms (reviewed by Peterson et al. 1988 and Rochester et al. 1986 for plant genes). Only in Drosophila have two genes been completely sequenced; they have been found to diverge by only 3% at the protein level (Karch et al. 198 1) .
Besides the above six proteins, we also considered other proteins: alpha-and betatubulins, actin, calmodulin, and histones H2A, H3, and H4. However, when andyzed individually, each had an apparent rate of evolution differing by at least a factor of three between the three kingdoms. The same conclusion has been drawn by Little ( 1985) on the basis of tubulin sequence analysis. Therefore, these proteins were not retained because tree reconstruction is difficult when branch lengths differ greatly (Felsenstein 1978; Li et al. 1987) . Moreover, most of these eukaryotic-specific proteins are encoded by gene families, thus making uncertain whether the genes compared between species are orthologous.
We have pooled six protein sets together in order to increase the resolving power. These proteins have different evolutionary rates (table 3). Since we weighted the computed distances for each protein by the number of sites used, our procedure is equivalent to having used a composite sequence made of six proteins. This procedure is as legitimate as is the analysis of the LSU rRNA which contains regions evolving at various rates.
Many molecular phylogenetic analyses, all based on rRNA sequences, have been published recently, but most of them did not specifically deal with the phylogeny of the three higher eukaryotic kingdoms. 5s rRNA is convenient for intrakingdom phylogeny but cannot resolve the question of the animal-plant-fungal divergence (Hori and Osawa 1987) . Recent reports based on SSU rRNA have focused on eukaryoticl archaebacterial relationships (Lake 1988 ) and on the phylogenies of bacteria (Woese 1987) , protists (Gunderson et al. 1987; Vossbrinck et al. 1987) , and the animal kingdom (Field et al. 1988) . LSU rRNA has been used to determine the phylogeny of archaebacteria (Leffers et al. 1987) , and that of protists by using the 400 5'-terminal nucleotides of the molecule ( Baroin et al. 1988 ) . Only one report specifically studied the divergence of the three kingdoms by using LSU rRNA (Hasegawa et al. 1985) . These authors found that animals and fungi form a clade sharing a common ancestor after plants diverged, but they admitted that the resolution of their method was not enough to be statistically significant. There are two possible reasons for the difference between their results and ours: in their study ( 1) only transversion substitutions were used, reducing greatly the sampling size; and (2) the Crithidia LSU rRNA sequence was not known then, thereby necessitating that Physarum, which is even more distantly related to higher eukaryotes, be used instead. The present report is, we think, the first to provide statistically conclusive molecular evidence for the phylogeny of the kingdoms Animalia, Fungi, and Plantae.
"Sequence information is innately more informative of evolutionary relationships than phenotypic information is" ( Woese 1987 ) . Thus, the determination of the phylogenetic relationships of the three kingdoms can help us to understand the evolution of various molecular, cellular, or developmental characters shared by two of the three kingdoms. The loss of chloroplasts appears to be a derived character which occurred in both the animal and fungal lineages. The use of the UGA triplet to encode tryptophan in animal and fungi but not in plant mitochondria has been taken as support for tree B (Cavalier-Smith 1987a) . However, Paramecium mitochondrion also uses UGA as a sense codon. Thus, this usage of UGA is not uniquely shared by animals and fungi.
On the other hand, animals and plants display similarities in their sexual reproduction in conformance with their relatedness. When sexually reproducing, these organisms form gametes of distinct morphology according to sex that fuse and develop into a diploid organism. The sexual reproduction of fungi is quite different, for it is based on conjugation that produces heterokaryotic cells whose nuclei ultimately fuse into a diploid zygote which immediately undergoes meiosis.
